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Abstract 
The use of plasma immersion ion implantation (PIII) is a relevant approach for the development of advanced solar cells 
technologies at lower cost (€/Wp). In this paper, we report on the development of homogeneous boron (B) doping of n-type 
crystalline silicon (cSi) substrate by the PIII technique. Using diborane (B2H6) as gas precursor, various doping profiles were 
identified fitting the requirements for boron-doped emitters in n-type PERT solar cells. Particularly, saturation current density 
(J0e) of 50 fA/cm² were achieved on symmetrical samples for a 94 /sq textured B-emitter passivated with SiO2/SiN stack. 
Bifacial n-type Passivated Emitter Rear Totally-diffused (n-PERT) solar cells were fabricated using the PIII technology and 
conversion efficiencies up to 19.8% on 239 cm² Cz-Si wafers were obtained. As a consequence, these results indicate that PIII 
can compete with beamline technology but will have lower running cost. It is therefore a promising technology to create high 
efficiency cSi solar cells. 
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1. Introduction 
As the c-Si photovoltaics market share progressively moves towards n-type solar cells [1], new boron (B) doping 
technologies are required to further reduce production costs and improve performances. Ion implanters are 
becoming more accepted by the photovoltaic community as a possible mean to overcome the problems of B 
diffusion for high efficiency n-type solar cells. Indeed, beamline ion implantation (BLII) technology shows great 
performances [2] but still suffers from high costs compared to the standard gas thermal diffusion. One alternative 
implantation technology is called the plasma-immersion-ion implantation (PIII): the silicon wafer is immersed into a 
plasma sheath of ion species with low energy while a bias voltage is applied. Relatively simple and easy to operate 
and maintain [3], the PIII system will result in both low capital investment and running costs. Allowing the 
processing of several wafers at once, it offers high throughput while maintaining great doping uniformity and low 
dispersion. However there is no work to our knowledge demonstrating the effective B-doping by PIII with both low 
emitter current saturation density (Joe) and high open-circuit voltage (Voc).  
For the first time, this study discloses the results on B doping of silicon using PIII with B2H6 as gas precursor. A 
detailed analysis of parameters leading to optimize PIII and annealing conditions based on physical, chemical and 
electrical characterizations is presented. The first PIII-implanted large area n-type PERT solar cells are processed 
and characterized. 
2. Boron emitter engineering by PIII 
After texturing and cleaning, 156 PSQ n-type Cz-Si 3 .cm 180 μm-thick wafers were implanted on both sides 
by PIII to form the homogeneous B emitter. All PIII were performed externally in a PULSION® equipment 
manufactured by the company Ion Beam Services (IBS). High purity gas B2H6 diluted in H2 has been chosen as the 
gas precursor to create the B-based plasma. In this study we investigate the impact of: the dose as measured by the 
equipment (at/cm²), the bias voltage (kV) of implantation, the radiofrequency power (RF) linked to the induction 
plasma technology and the gas pressure (P). 
Sets of implantation parameters were optimized to increase the amounts of B+ ions while lowering the hydrogen 
content. Identical annealing steps were successively performed using furnace annealing. Over 1000°C in N2 ambient 
atmosphere for several minutes were necessary to dissolve boron clusters and defects [4]. 
Post-anneal surfaces were either cleaned for subsequent AlOx deposition (> 8 nm) by ALD, or thermally oxidized 
to form a SiOx layer of few nanometers. The effectiveness of the doping is measured using a 4-point-probe system, 
giving a sheet resistance (/sq) averaged on 13 points. An anti-reflective coating (ARC) was deposited by PECVD 
before quasi-steady-state photo-conductance (QSSPC) measurements. The implied open-circuit voltage (iVoc) and 
emitter saturation current density (J0e) are extracted by the method of Kane and Swanson [5] before and after 
simulating the firing process. Active dopant profiles are performed using the electrochemical capacitance voltage 
(ECV) technique.  
3. Results and discussion 
3.1. Activation 
First, we evaluated the impact of PIII parameters by measuring the emitter sheet resistance (Rsheet) after furnace 
anneal. As depicted in FIG. 1., effective boron doping is achieved with Rsheet as low as 43 /sq with the studied 
conditions. Resistivity of the emitter is improved in a first order by an increase of the dose of dopants and also by a 
reduction of the RF power (RF1 < RF2, in the range of 10 to 1000 W). The chamber pressure (P2 > P1, between 10-4 
and 10-2 mbar) is only on second order within the range of study. For all these wafers, the annealing conditions have 
been optimized to get doping non-uniformity (Non-Unif) below 2% [Table 1.]. This shows the excellent ion energy 
distribution across the wafer during PIII, and the great combination with optimized annealing conditions. 
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Fig. 1. Sheet resistance evolution with machine dose, RF power and chamber pressure (P)
Table 1. Annealing effects at fixed PIII conditions. 
 Front side Rear side 
Furnace anneal Rsheet 
(/sq)
Non-Unif*
(%) 
Rsheet 
(/sq) 
Non-Unif*
(%) 
Standard 69.4 4.4 68.2 5.3 
Optimized 62.2 1.4 60.8 0.9 
*Non-Unif = (Rsheetmax-Rsheetmin) / (Rsheetmax+Rsheetmin)*100 
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Fig. 2. Boron-emitter doping profiles.
3.2. Passivation quality 
We extract the emitter performances and passivation quality of the previous symmetrical cells after SiNx 
deposition. FIG.3 shows iVoc and J0e after firing for the two studied passivation processes (AlOx by ALD, and SiOx 
by thermal oxidation). Excellent emitter qualities are revealed with J0e as low as 31 fA/cm² and iVoc up to 695 mV, 
which seems to indicate sufficient annealing of implant-induced defects. Higher the dose, lower the J0e because of 
increasing Auger recombination and thus lower iVoc. Especially with thermal oxidation, 94 /sq emitters with J0e = 
50 fA/cm² and iVoc = 695 mV fill the requirements for an adequate implementation into bifacial solar cells.  
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Fig. 3. Passivation quality for various PIII conditions 
3.3. Solar cells 
156 PSQ n-type PERT solar cells were fabricated on 3 ȍ.cm Cz-Si wafers following the process sequence 
detailed in [6]. Front boron emitter and phosphorus BSF were implanted and activated in separated annealing 
processes to get Rsheet of respectively 100 and 63 /sq. State-of-the art silver and aluminium screen-printing pastes 
were used for the metallization. Table 2 summarizes the illuminated (AM1.5) I–V measurement of the first batch of 
cells with boron emitter by PIII. 
Table 2. n-type PERT cells efficiencies with PIII doping. 
 Voc (mV) Jsc (mA/cm2) FF (%) K (%) 
Champion cell 650.3 39.2 77.7 19.8 
Average (15 cells) 648.0 39.2 77.3 19.6 
(standard deviation) (1.04) (0.06) (0.26) (0.09) 
 
A maximum efficiency of 19.8% was reached in this first study on a non-reflective chuck. Averaged results on 
the full batch of 15 cells show excellent reproducibility with very tight cell performances distribution. To our 
knowledge, these are the first most promising results presently published about PIII applied into the fabrication of 
large area n-type PERT solar cells. Further works are in progress to further increase the efficiency of these n-PERT 
cells, especially the Fill Factor (FF). 
4. Conclusion 
In this work we studied the boron doping of n-type silicon solar cells using the technique of Plasma Immersion 
Ion Implantation (PIII). The effects plasma parameters (chamber pressure and RF power) have been investigated on 
the sheet resistance. The boron doped emitters with B2H6 precursor gas reached high performances using standard 
passivation layer with iVOC up to 695 mV. Using separated annealing processes for the emitter and BSF, we 
obtained a record n-type PERT cell of 19.8% efficiency.  
In parallel, the PULSION® equipment is optimized to fit with the future requirements of the PV industry in terms 
of productivity. PIII could thus be one promising solution to provide an efficient doping technology with a cheaper 
and less gas consuming technology at higher manufacturing throughput compared with the beamline technology. 
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